X-ray magnetic linear dichroism spectra measured in reflection (XMLD-R) on crystalline bcc Fe thin films across the 3p absorption edges are reported. A series of measurements with varying orientation of the electric field vector of the linear polarized synchrotron radiation with respect to the crystal axes reveals a strong magnetocrystalline anisotropy in the XMLD-R spectra. The spectra agree well with theoretical spectra calculated within the framework of the density-functional theory accounting for the spin-orbital and exchange splitting of the 3p semicore states on an equal footing.
X-ray magnetic circular dichroism (XMCD) and the transversal magneto-optical Kerr effect (T-MOKE) are powerful tools to investigate ferromagnetic materials, as these magnetic spectroscopies probe a material's optical response that is linear in the magnetization [1] . In contrast, the x-ray magnetic linear dichroism (XMLD) [1, 2] measured in transmission or absorption is suited to investigate antiferromagnetic (AFM) materials [3] because it probes the response which is quadratic in the magnetization. Moreover, XMLD spectroscopy is very sensitive to the crystallographic orientation of the magnetization direction [4] , much more than the XMCD or T-MOKE [1, 5] . Large XMLD anisotropy signals for 3d atoms in cubic crystal fields have been predicted [4] and were observed in the past few years at the 2p core levels of 3d elements [6] [7] [8] . Recently it was proposed that the sensitivity of XMLD spectroscopy at the 2p edges could even be employed to distinguish between competing models of electronic band structures [9, 10] .
In contrast to the 2p edges, investigations of the XMLD at the 3p semicore levels of 3d metals are lacking. These shallow core levels have recently gained considerable importance. Through the development of novel x-ray sources, such as free-electron lasers and table-top high-harmonic generation (HHG) sources, capable of delivering brilliant radiation in the XUV regime, the 3p (M) edges have come into the focus of magnetism research [11] [12] [13] [14] [15] . Very recently, using radiation from a HHG source, T-MOKE at the 3p edges has been exploited to study the ultrafast magnetization dynamics response of permalloy in an element-selective way at the Fe and Ni 3p edges [13, 14, 16] . Magnetic x-ray scattering of XUV from a free-electron laser was used to study the femtosecond dynamical magnetic response of a Co/Pt multilayer at the * marc.tesch@fh-muenster.de Co 3p edge [15] . These recent studies request a deep understanding of the magnetic spectroscopy of 3p edges, but to date only a few XMCD and T-MOKE studies have been performed [17] [18] [19] , and only one XMLD study was reported [20] . In particular, an understanding of how the measured spectra relate to quantities giving rise to atomic magnetism, i.e., the exchange and spin-orbit interactions, has not yet been achieved. Approximations in the theoretical description that are valid at the 2p levels, which exhibit a large spin-orbit splitting but tiny exchange splitting, do not hold any longer at the 3p edges where these quantities are of similar magnitude (1-2 eV) [20] .
Here we report a combined experimental and theoretical investigation of the 3p-edge XMLD spectra of crystalline Fe thin films, measured in reflection, and particularly, of the magnetocrystalline anisotropy present in the dichroic signal.
Background. Conventional XMLD spectroscopy using electron yield techniques can suffer from the influence of the applied magnetic field on the detected signal, but photonin-photon-out reflectivity measurements are not disturbed. Also, because of the low absorption at the 3p edges, it is advantageous to measure the XMLD in reflection (XMLD-R). XMLD-R spectroscopy has been previously applied to study buried AFM layers [21] .
The XMLD-R signal is experimentally deduced from the difference of two reflection spectra measured in the geometry sketched in Fig. 1 . The first reflection spectrum R(H ) is taken with magnetic field H parallel to the electric field vector E of the incoming linearly polarized light (Fig. 1) . The second reflection spectrum R(H ⊥ ) is obtained for a magnetic field H ⊥ perpendicular to the electric field vector. The magnitude of the magnetic field ensures that the sample magnetization always points along the external field.
The XMLD-R can be defined in two alternative ways. First, through the difference spectrum
(Color online) Experimental geometry for the detection of XMLD-R spectra. The reflectivity R = I out /I in is measured on a crystalline sample for four relative orientations of polarization E and saturating field H and at variable angle φ, which is defined with respect to a crystal axis, e.g., 100 . Note that in practice only one, but a rotatable, magnetic field is applied, e.g., H + .
which contains the fundamental dichroic signal. Second, R may be normalized to the sum 2R = R(H ) + R(H ⊥ ) according to A = R/2R to obtain the relative amount, i.e., the XMLD-R asymmetry, of the dichroism. Both R and A measure a magneto-optical effect that is to lowest order quadratic in the magnetization [21] . To avoid unintended enhancement of the asymmetry A due to interference effects stemming from multiple reflections or due to small reflectivity in some spectral range we use in the following the difference R. Furthermore, for ferromagnetic materials there may appear additional terms in A and R which are linear in the magnetization when the measurement is not precisely at normal incidence (as is the case in our setup). To avoid these contributions we measured the reflection spectra R(H ,⊥ ) each for two antiparallel magnetization directions H
The detection of the magnetocrystalline anisotropy of R is performed by scanning the angle φ between a certain crystalline axis (e.g., the 100 axis) and the electric field vector E (Fig. 1) . Experiment. The room temperature experiments were performed at the undulator beamline U125-2-SGM2 of BESSY [22] . The spectral resolution across the 3p edges near 60 eV was E/ E = 3000. The incident light was linearly p polarized with a polarization degree above 0.99. The spectra were measured with the BESSY ultrahigh vacuum polarimeter chamber [23] . In situ exchange and removal of samples allowed for quasisimultaneous detection of the incident and reflected light in order to measure the absolute reflectance using a GaAs:P diode. The reflection spectra were taken by monitoring the reflected intensity at each fixed photon energy for the magnetization directions H + , H + ⊥ , H − , and H − ⊥ (see Fig. 1 ). From these the XMLD-R spectra were obtained according to Eq. (1). The magnetic field with fixed strength of 220 mT was created by eight permanent NdFeB magnets mounted on a rotatable ring, providing a homogeneous dipole field in the sample area. This allowed us to set any angle of the in-plane magnetization with respect to the crystal axes and/or to the electric field vector. The XMLD reflection spectra were taken in near-normal incidence at θ = 85
• with respect to the sample surface.
We investigated epitaxial films of 30 and 50 nm Fe, each grown by molecular beam epitaxy on a Ag(001) buffer layer deposited on a 7 mm × 7 mm large GaAs(001) wafer using a Fe nucleation layer [24] . A 3 nm Au layer prevents oxidation. The samples were mounted such that φ = 0
• means E field parallel to the sample edge, i.e., parallel to an Ag 110 direction. Fe is well known to grow on Ag(001) in the bcc structure with the Fe 100 axis aligned with the Ag 110 direction [25] . This growth mode was confirmed for our Fe films by in situ lowenergy electron diffraction (LEED). Hence, for the Fe films φ = 0
• means that the E field of the light is parallel to the 100 axis, which is a magnetic easy in-plane axis of Fe(001) films.
Computational modeling. The electronic structure of bulk bcc Fe was calculated with the WIEN2K code [26] using the local spin density approximation (LSDA) [27] for the exchange-correlation term and including the spin-orbit interaction. Details of the calculations are given in Ref. [28] . The absorptive permittivity tensor elements ij (ω) were computed from the linear response expressions [29] , after which the full complex permittivity tensor was obtained by Kramers-Kronig transformation.
A comparison of experimental and ab initio computed data revealed discrepancies in the reflectivity in the nonresonant energy range. While the experiment shows a smoothly decaying reflectivity in the pre-and post-edge energy region, the calculated reflectivity almost reaches zero. This indicates that an additional optical background absorption needs to be included in the calculations to compensate the underestimated reflectivity in the nonresonant energy regions. In the measured photon energy range we described the background absorption by a simple model (including only diagonal elements): Im[ε back ii ] = A exp(−E/E dec ), for which we found an amplitude A = 0.4 and a decay energy E dec = 40 eV; Re[ε back ii ] was determined by Kramers-Kronig transformation. Furthermore, the full optics of the multilayer structure was described by an in-house optical program for solving the light propagation in the multilayered structure (air/Au/metal/Ag/air) [30] . The sample roughness was accounted for by a scalar diffraction theory [31, 32] , where sample roughness σ = 3 nm and correlation length T = 10 nm were used. Note that the inclusion of sample roughness is important, since for the examined samples it was measured to be about 1-3 nm and therefore it is not negligible compared to the wavelength of the incident light. The roughness model concerns the first interface, i.e., between air and the capping Au layer, as the change of the reflectivity is higher than for the Au/metal interface. The output of the light propagation simulation is a reflection matrix of the whole multilayered structure, for an arbitrary magnetization orientation. It allows us to calculate the XMLD-R in a way analogous to the measurement.
Results. XMCD hysteresis curves (not shown) were measured in reflection on the Fe films at beamline 12 at the synchrotron facility DELTA (Dortmund, Germany) using the polarimeter chamber XMAPS [33] . These data confirm that for the 50 nm bcc Fe film the medium hard axis is along 110 , φ = 45
• with a saturation field of B ≈ 80 mT, and the easy axis is along 100 , φ = 0
• with a saturation field of B ≈ 3 mT, as • for different orientations φ of the E field with respect to the 100 crystal axis. The experimental results are given by the black points, the result of ab initio calculations by the full curves. The vertical lines denote the positions of the computed single j z levels of the 3p 3/2 and 3p 1/2 states.
expected from the bulk properties. Note that the applied field was sufficient to saturate the samples.
To investigate the magnetic anisotropy of the XMLD, a series of XMLD-R spectra have been measured on the Fe sample for θ = 85
• and for a set of angles φ between the electric field vector and the crystalline axes of the sample (see Fig. 1 ).
The measured XMLD-R spectra are shown in Fig. 2 , together with ab initio computed spectra. A strong and clearly discernible dependence on the direction of the E field with respect to the magnetic easy and medium-hard axis (angle φ) is observed.
Notably, the XMLD-R structures for the medium-hard axis (φ = 45
• ) are inverted with respect to those of the easy axis (φ = 0
• ) and changes in the peak height of up to 100% are observed. Such strong magnetocrystalline anisotropy of XMLD has been detected for XMLD spectra taken at the 2p edge [6] [7] [8] . Here this property is to our knowledge observed for the first time at the 3p edge. The normalized asymmetry A = R/2R reaches peak values of 0.7%, which is a factor of 2 smaller than those obtained at the 2p edge [8] .
The trends of the ab initio calculated XMLD-R spectra are in good agreement with the measured spectra. A nearly perfect agreement is found when the electric field is aligned with the 110 axis, while there are some deviations for the 100 orientation of E at the low energy side of the 3p resonance.
The good correspondence indicates that relativistic ab initio calculations provide an adequate description of the semicore 3p states, exhibiting a spin-orbit and an exchange splitting of similar size (1-2 eV), which leads to hybridization of the individual j z states of the 3p 1/2 and 3p 3/2 levels [20] . The positions of these k-wave vector dependent 3p states are marked in Fig. 2 as vertical lines. The levels indicate the initial states for the optical transitions into the valence band and cover the full energy range of the XMLD structures.
In addition, the measured magnetocrystalline anisotropy in the XMLD-R spectra is relatively well described. This property arises from the crystal-field split, spin-polarized e g and t 2g 3d-valence states, being selectively probed by optical transitions from the semicore states [4] . (Note that the computed XMLD-R spectra were multiplied by 80 because the ab initio calculations underestimated the reflectivity of the Fe sample.) This, however, might be, for example, due to interference effects or due to an underestimated background in the measurements. The edge energy has been shifted by 1 eV to align with the measured edge position and to account for the resolution of the measurement we applied a constant 2 eV Lorentzian broadening over the whole energy range.
A very comprehensive demonstration of the magnetocrystalline anisotropy in XMLD-R of the Fe sample is obtained through a polar plot, presented in Fig. 3 . The photon energy was fixed at 52.25 eV where a maximum dependence of the XMLD-R signal as function of the angle φ is present (see Fig. 2 ). The angle φ was moved in steps of 7.5
• from φ = 0
• to 360
• . The angular plot reveals a nearly perfect fourfold magnetic anisotropy. A maximum, positive XMLD-R signal is obtained for the equivalent angles φ = 45
• , 135
• , 225
• , and 315 in-plane magnetocrystalline anisotropy energy of the film. This observation reflects the common origin of magnetocrystalline anisotropy energy and the anisotropy of the XMLD-R signal, which both are manifestations of the effect of spin-orbit coupling on the band structure.
Concluding. Our experiments of the XMLD at the 3p edges of Fe reveal the existence of appreciable changes in the XMLD-R spectra, related to the magnetocrystalline anisotropy. These XMLD anisotropies measured in reflection are similarly large as those previously detected at the 2p edges in absorption (cf. Refs. [6] [7] [8] ). We find that the XMLD-R spectra of the Fe film and their magnetic anisotropy are well described by ab initio calculations based on the effective single-electron approach of the density-functional theory. The high sensitivity of XMLD to the orientation of the magnetization in the local crystal field opens possibilities for employing the 3p edges for illuminating investigations of static magnetism as well as dynamical magnetic processes in transition-metal compounds and alloys.
